Adopting fluid dynamics theory and time-dependent solid dynamics theory of ship, the fluidsolid coupling dynamics numerical model is built. The linear fluid-solid coupling equation is derived from ship surface integral formula. The time-dependent hull displacement is calculated by solving the nonlinear elastic equations. The results show that Green function has some interesting properties, and that the maximal displacement will appear when the wave-hull resonance number becomes an integer.
INTRODUCTION
In the atrocious sea conditions, large navigation ship may be deformed, as shown in Fig.1 . When the deformation reaches a certain level, it will seriously affect the safety of ship [1] . For the ships' safety, it is meaningful to study large ships' navigation in rough sea.
In order to improve the efficiency of transportation, more and more world magnates shipping uses large or super large ships for ocean transportation. For example, 40 large ships have been built in 2009 [2] . Different from small boats, large ships have strong dynamic coupling of fluidsolid [3, 4] . The ratio of hull thickness to length in large ships is small, so that the hull easily deforms in the atrocious sea conditions [5] . The deformed hull may cause the shaft misalignment, which can reduce the propulsive efficiency and decrease the moving speed of ship [6] [7] .
Compared with the size of large ship, the hull is a thin wall structure body, relatively soft and easily deformed. One way of studying the large hull deformation is to take the ship as an elastic beam. Larsen [10] has pointed out that water wave can cause different pressure at different height of ship, and the deformation is time-dependent at any ship's section. In fact, the hull deformation has been determined using a linear physic relation of fluidsolid [8, 9] . For examples, Antoine [11] established a wave load theory to predict hull deformation; Tasai [12] built a hydrodynamic model and characterized the ship moving, using the microtome section theory. In addition, the strip theory has been applied to predict ship navigation [13, 14] , and the results show that the non-linear fluidsolid coupling is important for ship wave load and hull deformation. Moreover, Two and half dimensional theory and the non-linear theory have been also used to predict hydrodynamic property and the motion of high-speed displacement ship [15, 16] . Among these theories, The three dimensional hydrodynamic theory is considered to be the most important research theory for predicting wave load. At present, the free surface Green function method, and the Rankine no-source method are the hot research topics in the three-dimensional hydrodynamic theory [17, 18] .
Although the scholars have made many achievements of hull deformation in the water wave, we still face the following scientific problems for large ships: (1) water wave hull deformation models for large ships; (2) mathematical description of elastic coupling between hull and water wave; (3) real time forecast for Hull deformation; (4) Numerical calculation timeliness. In this paper, we consider all the above problems, assuming water is an ideal fluid. In Section II, we establish elastic deformation motion equations and give initial boundary conditions. In Section III and IV, we derive the added mass formula of two dimension potential flow, and discuss the linear analyzing theory. In Section V and VI we present all the obtained results including those from time dependent Numerical fluidsolid coupling.
THE HULL DEFORMATION EQUATION
The coordinate (x,y,z) is shown in Fig.2 , where the x axis is the pointing from stern to the bow of the ship and z axis is the pointing to the upward. Oxyz constitutes a right hand rule coordinate system. Original point O(0,0,0) is located at water surface, or z = 0 is water surface when water surface is calm, or no Here E is the modulus of elasticity, m is the lateral contraction coefficient, (u,v,w*) is the elastic displacement of (x,y,z), r is density of the hull, (X,Y,Z) is the body force. In this paper, we take X = 0, Y = 0, Z = -g, g is acceleration of gravity.
The initial conditions are:
The boundary conditions are: (1) On the wetted surface of the hull, the stress is p or water pressure.
(2) On the other surface of the hull, the stress is taken as zero.
Integrating on the x = x section of the hull, and consider the fluid force acting on the hull, the equation of motion becomes one dimension time dependent equation:
where w is the average value of displacement w* on the x = x section (or x section), r m is the added mass of the x section, r w is the water density, S x is the area of x section, s 0 is the part area below z 0 , z 0 is the coordinate of water surface Figure 2 . Coordinate of ship.
when water is in the static state., s(z) + s 0 is the part area below z, and s(z 0 ) = 0, s(z) > 0 when z > z 0 , s(z) < 0 when z < z 0 , g = 9.81m/s 2 is the acceleration of gravity. r m W tt is the added mass force, r w g[s 0 +s(z -w)] is the buoyancy force, z = z-0 and (z-w) are the height of water surface when hull displacement is zero and w, respectively. If displacement w < 0, (z-w)>z, we take initial conditions as:
The boundary conditions are:
Where L is the length of ship. In the above motion equation, the added mass is calculated using the two dimension fluid dynamics theory.
TWO DIMENSION FLUID DYNAMICS
In the region of closed ship hull, water flow is considered as two dimension fluid problem. On the x section, water is considered an ideal fluid and ir-rotation. Thereforce the potential function can be calculated by the boundary integral formula [20] :
Where s is the source strength on the boundary S of ship wetted surface, Q is a point on the wetted surface of x section, and G(P,Q) is Green function. The source strength s is calculated using the boundary condition when point P on the boundary:
Where V n is normal velocity on the wetted hull. The added mass is represented as:
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Here n k is the projection of normal vector on z axis. P is a point on the wetted surface of x section. The Green function is defined as [20] :
Where k = w 2 /g is wave number, w is wave cycle frequency, and H(a, q) is a principle value of integration below:
Here R and X are determined respectively from the below formula:
Because of the integral domain infinite, the calculation of the above formula requires very long CPU time. This paper is to find a way to reduce the CPU time. From the expression of function H, we have the ordinary differential equation:
We can obtain:
Where C a = -0.5772 is a constant, and coefficients are 
. . When n > J, take:
The calculative steps of H(a, q) are: (1) give value a, calculate initial value H 0 ; (2) solve the ordinary differential equation of H(a, q) using the four order RK method. Numerical results show that our algorithm is faster and the error can be controlled to 0.001.
The added mass can be calculated using the potential function:
Where n y is normal vector project on y direction. The motion equation becomes:
LINEAR THEORY
We can obtain the analytic solution: 
Properties of Solutions (1) From the above solution, K k is the denominator of f k1 and f k2 If k = K b , the function R(k) = 0, then b b1 = 0, b b2 = 0, the solution w of hull displacement also becomes infinite. The ship will also be broken. K b is called wave-hull resonance number. It is related to wave cycle frequency w, length L, the modulus of elasticity, and the lateral contraction coefficient.
NUMERICAL MODEL OF THE NONLINEAR EQUATIONS
As we know in the x section, the wetted area is dependent on the height z of wave which varies with time. So the added mass is dependent on time. The wetted area of hull is a non-linear function of height z. Then, the Eq.(1.3) is a non-linear time dependent partial differential equation. It is solved by the finite difference method in this paper. Let h be the x step length, t be the time step length, and
The approximate difference formulae for second derivatives are
The Eq.(1.3) may be written as: 
NUMERICAL RESULTS
Consider an example of large ship VICC [20] , with length L = 300m measured from ship bow to the stern, width 50m in the middle, height 25m measured from bottom to the ship deck. We use the strip theory to calculate hydrodynamics and the elastic displacement of ship. The wetted area and the added mass of x section are calculated using the two dimension potential flow theory. The longitudinal elastic displacement of ship is calculated. The results are shown below.
Results of Two Dimension Hydrodynamics of x Section
The velocity potential is calculated by adopting the finite integral method. Source is distributed on the boundary of ship wetted surface of x section, which is divided to N segments. The point source is located at the point in front 1/6 of segment center, and the control point of velocity is located at point 1/6 behind segment center. To solve the source strength, the Green function is precalculated and its Numerical data is stored in the hard disk. For Green function, the integral domain of H(a, q) is infinite, and require more CPU time. Its imaginary part Im(H) varied with real part Re(H) is drawn in Fig.3 , where parameter d = p-q and d = 1.2708, 1.4708, 1.5708. Fig.4 shows the added mass
A Numerical Fluid-solid Coupling Model for the Dynamics of Ships in Atrocious Sea Conditions varied with the wave cycle frequency w. The two dimension hull section is chosen from the published paper [21] . In the figure, the added mass become lager when wave cycle frequency w becomes small, and is compared well with Jacobs's results.
Elastic Displacement of the Linear Analytic Theory
According to the linear analytic theory, the largest deformation will happen when the wave number K = p/L. When the wave-hull resonance number K b = k is an integer, the hull displacement will become infinite.
Numerical Elastic Displacement of the Non-linear Theory
For the non-linear theory, we choose wave height z = H sin(Kx -tw). The Numerical hull displacement w varied with x coordinate is shown in the Fig.5 , and compared with the wave height when time t = 0.3s. Where, dotted line is wave height z/(7L), and black color block is ship hull displacement w/L. In this figure, the parameters are: water density r w = 1kg/m 3 , hull density r = 7.8kg/m 3 , the modulus of elasticity E = 200GPa, the lateral contraction coefficient m = 0.28, H = 0.02L, L = 300m, the wave number K = 0.0411L, the wave cycle frequency w = 1.2/s, the Numerical time step is 0.001s, and x step is 0.01. Figure 5 . Hull displacement varied with x. Dotted line is wave, black block is ship hull.
CONCLUSION
With the adopted strip theory, the two dimension fluid dynamics of large ship hull section is calculated. [22] With the linear theory and the non-linear Numerical method., the hull displacement of time dependent is analysed. The calculation of Green function requires long CPU time because the integral domain is infinite, In this paper, the value of Green function is pre-calculated and stored in hard disk, and then its approximant value is calculated using an interpolation method for the boundary integral equation. The Green function figure exhibits interesting properties both in the real part and the imaginary part. The linear analysis formula is derived from the time dependent partial differential equation. The results show that the hull displacement becomes infinite when the wave-hull resonance number is an integer. The non-linear time dependent partial differential equation is solved by using the difference method.
